We consider top-quark mass effects in the Higgs-interference contribution to Z-boson pair production in gluon fusion. While this production mechanism is formally of next-to-next-to leading order, its contribution is numerically important above the top threshold M 2 ZZ = 4m 2 t . This region is essential to constrain the width of the Higgs boson and good control over the top-quark mass dependence is crucial. We determine the form factors that are relevant for the interference contribution at two-loop order using a method based on a conformal mapping and Padé approximants constructed from the expansions of the amplitude for large top mass and around the top threshold.
I. INTRODUCTION
A direct measurement of the Higgs boson width Γ H is not possible at the LHC or even the envisioned next generation of collider experiments. However, indirect constraints can be obtained at the LHC by studying the process pp → H → ZZ (→ 4l) on the Higgs boson peak where the cross section depends on the combination g [1] [2] [3] . 1 The same strategy can be employed with W W final states [6] . The latest studies from the LHC experiments give an upper limit of 14.4 MeV at 95% C.L. from the ZZ final state at ATLAS [7] and the value 3.2 +2.8 −2.2 MeV from the combination of V V final states in CMS [8] , close to the SM prediction Γ SM H = 4.10 ± 0.06 MeV [9] . Measurements of the Higgs boson signal at large invariant mass can also be used to directly constrain physics beyond the Standard Model in the Higgs sector [10] [11] [12] [13] .
Here, we focus on the loop-induced continuum gluon fusion process gg → ZZ and in particular its interference with the off-shell Higgs contribution gg → H * → ZZ. Despite the narrow width of the Higgs boson these interference effects are sizable with 10% of the Higgs signal stemming from the off-shell region where the invariant mass of the two decay products is greater than 2 m Z [1] and higher-order corrections are required to control the uncertainties. The Higgs-mediated amplitude only de-In this work we consider the form factors of the continuum gg → ZZ amplitude that are relevant for the interference contribution at one and two loops. The nonanalytic terms in the expansion around the top threshold are computed up to at least order (1 − z) 4 , where z = M 2 ZZ /(4m 2 t )+i0, and used to construct Padé approximants. Together with the exactly known real NLO top quark [27, 38] and the massless quark corrections [21] [22] [23] [24] [25] this is sufficient to determine the full NLO interference contribution with realistic top-quark mass dependence.
II. FORM FACTORS FOR INTERFERENCE
Up to the two loop level, the amplitude for the topmediated non-resonant continuum production process g(µ, A, p 1 ) + g(ν, B, p 2 ) → Z(α, p 3 ) + Z(β, p 4 ) receives contributions from both box and double-triangle diagrams, see figure 1. The latter are known for arbitrary quark masses [27, 39] and will not be discussed in the following.
FIG. 1: Examples for box (left) and double-triangle (right) top-mediated contributions to gg → ZZ.
The box amplitude B AB µναβ has a complicated tensor structure [20] [21] [22] 40] . However, the interference with the Higgs-mediated amplitude is described by a single form factor. Adopting the conventions of [27] it takes the form 
where a t = 1/2 and v t = 1/2 − 4/3 sin 2 θ W denote the axial-vector and vector couplings for an up-type quark. Mixed v t a t terms are forbidden by charge conjugation symmetry. The order in the strong coupling constant α s is indicated as follows
and a combined result [37] have appeared.
with i = V V, AA. At order α 2 s the renormalized form factors contain IR divergences, which cancel in the combination with real corrections, and we define the finite remainder by applying the subtraction [41] for the sake of a consistent notation.
A. The amplitude near threshold
Above the top threshold at z = 1 the top quarks in the loop can go on shell which manifests as non-analytic terms in the expansion of the form factors inz ≡ 1 − z, generating a sizable imaginary part. As shown in [28] the knowledge of these terms alone provides very valuable information for the determination of top-quark mass effects in our approach. The calculation of the non-analytic terms is significantly simpler than that of the analytic contributions and was described in detail in [28] for the three leading non-analytic expansion terms of the one and two-loop form factors for gg → HH. For gg → ZZ we expand the amplitude up to high orders inz ≡ 1 − z and therefore use the expansion by regions [42, 43] to expand the full-theory diagrams instead of an EFT approach where a large number of effective vertices is required due to the deep expansion. We use QGRAF [44] to generate the Feynman diagrams which are processed and expanded using private FORM [45] code. The IBP reduction [46] is performed with FIRE [47] which is based on the Laporta algorithm [48] .
Our results are given in Appendix A and an ancillary Mathematica file. They are of the form
wheren 2 is n modulo 2, the coefficients are functions of the dimensionless variables r Z = m
We use the symbol to indicate that terms which are analytic inz and currently unknown have been dropped on the right-hand side.
Threshold logarithms lnz and logarithms ln(−4z) related to massless cuts in the amplitude first appear at two-loop order. While we generally compute the expansion coefficients up to n = 8, i.e. expand up toz 4 , we find that for the massless-cut contribution proportional to ln(−4z) more input is required to achieve a reliable Padé approximation. We therefore compute the corresponding coefficients b (n,m) i,ln up to n = 9. As in Higgs pair production there is no S-wave contribution to the form factors relevant for the interference and the leading non-analytic terms involve thezsuppressed P-wave Green function [49] .
B. Behavior for z → ∞
In addition to the LME and threshold expansions we can exploit scaling information in the small-mass limit m t → 0 which corresponds to z → ∞. This does not require an additional calculation in this region but relies solely on the symmetries of QCD. The absence of infrared 1/m t power divergences as m t → 0 implies that the form factors can only show logarithmic behavior as z → ∞. Below we show that the difference
vanishes as z → ∞. To prove this we note that chirality is conserved in massless QCD and hence the fourpoint correlator of two vector currents, a left-handed and a right-handed current, which we denote in short by [V,V,V-A,V+A], vanishes in the limit of zero quark masses. 
where we have one additional condition for the latter.
III. THE METHOD
We approximate the box form factors (2) using our approach from [28] . First, we introduce subtraction functions s
AA in such a way that the combinations F
retain their analytic structure for |z| < 1 but have threshold expansions which are free of logarithms ln(z) up to the highest known order, i.e. up tō z 4 . The construction of such subtraction functions is detailed in [28] and we give the ones we explicitly need in Appendix B. Note that even after this subtraction the threshold and large mass expansions of the two-loop form factors still receive contributions proportional to a single logarithm L s ≡ ln(−4z) from diagrams with massless cuts. We therefore split the subtracted two-loop form factors into a constant and a logarithmic part and construct separate approximants for each part.
The top mass dependence is contained in the variable z and the conformal transformation [50] 
is used to map the entire complex z plane onto the unit disc |ω| ≤ 1 with the branch cut for z ≥ 1 corresponding to the perimeter. Thus, the top-mass dependence is encoded by a function that is analytic in the region |ω| < 1 and can be reconstructed using Padé approximants
where the n + m + 1 coefficients a i , b j can be fixed by imposing the condition that the expansion of eq. (8) in the LME and threshold region must reproduce the known coefficients for given, fixed values of r Z andx. The smallmass behavior discussed in sec. II B is not used to further constrain the Padé coefficients, but is taken into account by a rescaling of the Padé ansatz. Hence, we use approximation functions of the form
where P (j)
AA−V V is used to approximate the difference between the axial-vector and vector form factors, whereas the vector form factors in isolation are approximated using P (j) V V . The limit z → ∞ corresponds to ω → −1 where the approximants in eq. (8) approach a constant value. Thus, the rescaling eq. (9) enforces the correct asymptotic behavior for z → ∞ discussed in sec. II B and provides us with free parameters a R,i that can be varied in addition to the polynomial degrees n, m, k and l to assess the stability of the approximation. We note that these variations are performed independently for all the terms in eq. (9). Our final ansätze for the form factor (11), the solid lines are the full result and the shaded regions are Padé approximants that were constructed using only the information from the LME (cf. text for details).
approximation are then
IV. RESULTS
Before showing our results at NLO for the form factors, we can compare the LO form factors constructed as discussed in the previous sections with the full analytic result. We choose as input for the on-shell Z-boson and top quark masses
and show results for two different values ofx in fig. 2 . The plots contain the maximum information we have available from the LME at LO (see [27] ) and our threshold expansion. By construction the Padé ansatz in eq. (8) contains poles in the complex ω plane whereas the functions it approximates are analytic in z implying the absence of poles in the unit disc |ω| ≤ 1. Furthermore poles in the vicinity of the unit disc can cause unphysical behavior in the reconstructed form factors. We were not able to construct Padé approximants without poles inside a larger disc |ω| ≤ 1.2. Therefore we focus on the time-like region of the form factors and construct only Padé approximants which do not contain poles for
We obtain an uncertainty estimate for our results in the following way. For every phase space point, we calculate the mean and standard deviation for each contributing Padé approximant in eq. (9) . To this end, we vary the rescaling parameters a R,i in the region
and vary [n/m] within |n − m| ≤ 3, where n + m + 1 is the number of available constraints. We construct 100 variants for each Padé approximant. Our final prediction then follows from the sum of the mean values of the Padé approximants, with an uncertainty obtained by adding the individual errors in quadrature. fig. 2 with the points and shaded regions corresponding to the Padé approximation constructed from the LME only. AA including our uncertainty estimate as points with error bars. We observe good agreement with the full results, which are indicated by the solid lines, up to large values of the invariant mass M ZZ of the Z-boson pair. The error remains small throughout the whole invariant mass range, increasing somewhat towards large M ZZ . The behavior for different values ofx is similar. To demonstrate the importance of including the threshold expansion we also show an approximation based solely on the LME as shaded regions. For this we adopt the prescription given in ref. [27] and show the envelope of the [2/2], [2/3] , [3/2] and [3/3] Padé approximants which we have constructed without applying the rescaling of eq. (9) or the pole criterion eq. (13) . We note that the resonant structure near z = 1 in the upper right plot showing the vector form factor for maximal transverse momentum is caused by a pole near w = 1 in the [3/3] Padé approximant. In our full results from eq. (10) and eq. (11) we apply the criterion eq. (13) to exclude approximants which feature such resonances in the time-like region z ≥ 0. We conclude that the threshold expansion is essential for the reconstruction of the full top mass dependence above the top quark threshold.
We now turn to the NLO form factors. In fig. 3 we show the results for the virtual corrections to the form factors F (lower panel) for two values ofx. Note that we do not include the double-triangle contribution to the form factors, as they have been computed analytically in [27] . As at LO, we include only the top quark contributions. The uncertainty associated with the Padé construction increases with M ZZ . Since we input information mainly at low M ZZ this behavior is expected. With the exception of the vector form factor F fig. 3 ) we find that the Padé approximation based on the LME alone does not yield a realistic reconstruction of the top-quark mass effects of the form factors. In particular, the important axialvector form factor suffers from very large uncertainties. We remark though that in [27] for the NLO cross section the Padé prediction was improved by a reweighting with the full LO cross section.
We note that F plot in fig. 3 . We trace the appearance of the second peak back to the contribution proportional to L s stemming from diagrams with massless cuts. In general, we find that this contribution shows worse convergence behavior than the non-logarithmic terms when including more and more terms in the LME and the threshold expansion. This is shown in fig. 4 where we compare our results from fig. 3 to the Padé approximants obtained with the same procedure but only using threshold input up to the orderz 2 andz 3 . We observe good convergence in the case of the axial-vector form factor. On the other hand, the O(z 2 ) approximation for the vector form factor does not feature the oscillatory behavior described above and there is no overlap with the full approximation in a significant part of the phase space. However, the O(z 3 ) and O(z 4 ) results are in good agreement with the full approximation where we have also included the O(z 5 ) term in the coefficient of the logarithm L s to verify that this stabilization persists with the addition of higher orders in the threshold expansion. We conclude from this discussion, that the Padé approximation can be improved systematically when including higher orders in the various expansions. Nevertheless, we believe that the prediction for F (2) V V should be taken with a grain of salt above M ZZ ≥ 500 GeV because of the slower convergence.
In fig. 5 we show the virtual corrections to the form fac-
as it enters in the interference term with the Higgs boson exchange. The dashed lines show the form factor v
increased by a factor of 300. This clearly demonstrates that the interference term will be dominated by F 
Re Im 
Re Im to demonstrate that it is negligible compared to F
AA .
as stated above we trust our results for F
The numerical implementation of the form factors is available as a FORTRAN routine on request and can be combined with existing computations of the massless loop contributions and the real corrections for the interference of the Higgs exchange with decay to ZZ with the continuum background.
V. CONCLUSIONS AND OUTLOOK
We have considered top-quark mass effects in the continuum process gg → ZZ, focusing on the form factors relevant for the NLO interference with the production of a Higgs boson and its subsequent decay into two Z bosons. We have presented a Padé-based approximation using information from an expansion around a large top quark mass and an expansion around the top quark pair production threshold.
At LO, we have shown that our Padé construction approximates very well the full top mass dependence of the form factors for the whole range of the invariant mass M ZZ of the Z bosons. At NLO, we provide a new prediction with very small uncertainties at small and moderate M ZZ , with an increased uncertainty towards large M ZZ . We expect that adding more information into the Padé construction at large M ZZ would improve the description also in this region.
Our results can be combined both with virtual corrections mediated by massless loops and the real corrections. The latter constitute a one-loop process and can therefore be computed with well-established techniques. The Padé construction can also be applied to the remaining form factors contributing to gg → ZZ, which do not interfere with the Higgs signal.
We note also that while in this work we have applied our method to the production of on-shell Z bosons, there is no obstruction for applying it also to off-shell Z boson production. Indeed, the LME for off-shell Z boson production is already known up to the order z 4 [24] . While a calculation of the full top mass dependence for onshell Z bosons with numerical methods seems to be feasible with current techniques in a reasonable time-frame (see [51, 52] ) a computation of the off-shell form factors appears to be beyond the current state-of-the-art.
In the following we give explicit expressions for the coefficients in the threshold expansions of the form factors. For convenience, we quote the definition already given in eq. (5):
where i ∈ {V V, AA} andn 2 is n modulo 2. The coefficients a, b are most conveniently written in terms of the two dimensionless ratios r Z =
We define the loop integral measure as
and use the short-hand notation up to n = 9, obtaining the following results: 
for the expansion of the axial-vector component. The corresponding coefficients in the expansion of the vector part read In this appendix, we give the functions s i with i ∈ {V V, AA} used to subtract the threshold logarithms. We write them in terms of auxiliary subtraction functions s n , n ∈ N, i.e. 
where the coefficients C i,n are constants and s n z→1 z n 2 ln(z) + O(z 
